Abstract: Supersymmetric (SUSY) models, even those described by relatively few parameters, generically allow many possible SUSY particle (sparticle) mass hierarchies. As the sparticle mass hierarchy determines, to a great extent, the collider phenomenology of a model, the enumeration of these hierarchies is of the utmost importance. We therefore provide a readily generalizable procedure for determining the number of sparticle mass hierarchies in a given SUSY model. As an application, we analyze the gravity-mediated SUSY breaking scenario with various combinations of GUT-scale boundary conditions involving different levels of universality among the gaugino and scalar masses. For each of the eight considered models, we provide the complete list of forbidden hierarchies in a compact form. Our main result is that the complete (typically rather large) set of forbidden hierarchies among the eight sparticles considered in this analysis can be fully specified by just a few forbidden relations involving much smaller subsets of sparticles.
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Introduction
Low-energy supersymmetry (SUSY) [1] is a well-motivated paradigm for new physics beyond the Standard Model, as it explains the lightness of the recently-discovered Higgs boson [2, 3] , provides a dark matter candidate [4] , and, in some models, allows for the unification of gauge couplings, consistent with the low energy data [5] . That there is currently no compelling evidence of sparticle production at the CERN Large Hadron Collider (LHC) [6, 7] strongly motivates efforts to make sure that "no stone is left unturned" in searching for SUSY and/or setting more rigorous limits on the masses of sparticles. It is therefore important to understand all possible signatures of SUSY models; the rich phenomenology of SUSY means that there are unexplored "corners" of even well-known models like the CMSSM [8] . Such studies will become particularly valuable once a signal of new physics is observed, as they will help determine whether we are seeing a SUSY signal in the first place, and if so, what variety of SUSY model is responsible for it. However, the exploration of SUSY collider phenomenology in full generality is a very challenging endeavor, complicated by the multitude of scenarios and the large number of SUSY parameters. Several approaches have been tried:
• Analysis of specific benchmark points [9] [10] [11] [12] [13] [14] . The advantage of this approach is that it relies on well motivated and popular theory models. Benchmark points provide concrete, clear targets for discovery, and allow the sensitivities of different types of experiments to be compared in a meaningful way [15] [16] [17] . The downside is that the conclusions are very model-dependent and cannot be easily generalized to any arbitrary SUSY scenario.
• Analysis of the (phenomenologically relevant) MSSM parameter space (pMSSM) [18] [19] [20] [21] [22] [23] . The advantage here is that in principle one is exploring all corners of parameter space and encountering all phenomenologically interesting signatures. The disadvantage is that the large dimensionality of the pMSSM parameter space makes full coverage impossible. This has prompted studies in a correspondingly smaller parameter subspace, e.g., a nine parameter subset (pMSSM9) [24] . Alternatively, one could restrict one's attention to a specific sector of the model, e.g., the four lightest states in the new physics particle spectrum [18, 25, 26] . (See also the simplified model approach below.)
• Analysis of simplified models. The third, intermediate, approach is motivated by signature-based searches for new physics at the LHC. For any given experimental signature, one may consider only the particles that are relevant to this specific channel, arriving at a so-called "simplified model" with only a handful of parameters [27, 28] . This approach inherits, to a degree, the advantages of the previous two methods, but the connection to the underlying high energy theory (and its fundamental parameters) is obscured.
The difficulty in exploring the phenomenology of the pMSSM parameter space in full generality manifests itself in the "LHC inverse problem" [29] of mapping an experimentally observed set of signatures at the LHC to a specific parameter point in theory space. The main challenge stems from the vastness of the SUSY parameter space -even under ideal circumstances the map is not unique and exhibits degeneracies. Furthermore, such maps so far have been constructed by (relatively sparse) scans in parameter space [30] [31] [32] [33] , and it is not clear to what extent the derived conclusions are robust and reliable.
A possible resolution to these problems was put forward in Ref. [34] , which proposed a more manageable and practical parameterization of theory space. The main idea is that the generic parameter space R n of n SUSY parameters can be thought of as the direct product of the set of all possible permutations S n of those n parameters and the remaining coset R n /S n :
The n parameters considered in Ref. [34] were all SUSY mass parameters, hence the permutations in S n were named "mass hierarchies", or "hierarchies" for short. The advantage of the decomposition (1.1) becomes evident when we consider the nature of a new physics signal at a collider and, in particular, the dependence on the two factors S n and R n /S n . In general, the collider phenomenology of any new physics model depends on certain qualitative and quantitative aspects, where the former are parameterized by S n , while the latter depend mostly on R n /S n :
• Quantitative aspects. Those are the factors which determine the overall signal rate, such as:
1. Signal production cross section. This depends on the magnitudes of the sparticle masses, which are encoded in the R n /S n factor alone. Generally, heavier particles have smaller cross-sections and vice versa.
2. Signal branching fractions. These are functions of the magnitudes of the mass splittings, which are also part of R n /S n . For example, decay modes that are close to threshold, are kinematically suppressed, and the amount of suppression depends on exactly how close to threshold we are, i.e., on the size of the mass splitting.
3. Signal acceptances and efficiencies. These depend on the hardness of the SM decay products observed in the detector, which in turn is again a function of the magnitudes of the mass splittings. Parameter space points in R n /S n with large mass splittings lead to harder leptons, jets, etc., and correspondingly higher efficiencies. On the other hand, smaller mass splittings lead to degenerate scenarios with lower efficiencies, where discovery becomes problematic, see e.g. [35] [36] [37] .
4. Relative contribution of strong versus electroweak production. In the years leading up to the LHC, it was usually assumed that strong SUSY production would dominate, and the first sign of SUSY would most likely be seen in squark and/or gluino production. Such expectations are based on the fact that strong production is enhanced due to the large strong coupling and the color multiplicity factors. However, this expectation is not true in models with heavy colored superpartners and light electroweak superpartners, where strong production is kinematically suppressed relative to electroweak production. The amount of suppression depends on the relative size of the superpartner masses, which is again parameterized by R n /S n .
• Qualitative aspects. These are the factors that determine the type of discovery signature one is looking for, namely, the identity and multiplicity of SM particles in the final state. These qualitative features are mostly determined by the mass hierarchy, and can be parameterized by an element of the S n factor in (1.1).
The crucial observation of Ref. [34] was that, as long as we are interested in the qualitative aspects of SUSY collider phenomenology, we are justified in focusing on S n only and studying hierarchies of sparticles without any reference to the actual sizes of their masses. Note that the number of elements in S n is a finite number (namely, n!), which allows a fully exhaustive exploration and classification of the sets of experimental signatures associated with each hierarchy. Somewhat surprisingly, such studies were able to reveal previously overlooked corners of pMSSM parameter space with dramatic, yet relatively unexplored, multi-lepton signatures [34] . While the analysis of [34] was originally applied only to pMSSM9, it was subsequently extended to include third generation sfermions and/or R-parity violation in the MSSM [38] and to the NMSSM [39] .
In this paper we build on the work in [34, 38, 39] and demonstrate the cataloguing of all possible hierarchies within specific SUSY breaking models. Following [34] , we shall consider only the sparticles shown in table 1. Their mass spectrum is parameterized by the parameters listed in the last row of the table. Some of these parameters correspond to several particles; for instance, the wino mass M W describes the mass of both a mostly winolike neutralinow 0 and a mostly wino-like charginow ± . (The remaining two gaugino mass parameters are denoted as M B , the bino mass, and M G , the gluino mass.) Likewise, we consider two degenerate generations of sfermions, so that each of the five sfermion masses (M Q , M U , M D , M L and M E ) describes particles in both the first and second generation. Finally, in the case of left-handed squarks (sleptons) the parameter M Q (M L ) refers to both members of the isodoublet,ũ L andd L (ẽ L andν L ). Tree-level sparticle mixing and oneloop corrections [40] complicate this story somewhat, since the experimentally measured mass eigenvalues are slightly different from the soft mass parameters in table 1 . In what follows, we shall assume that the soft mass parameters
have been extracted from the data via a global fit along the lines of Refs. [41] [42] [43] [44] . Given the eight experimentally measured mass parameters of table 1, the main question which we address in this paper is the following: can these measurements, by themselves, rule out specific SUSY-breaking scenarios? For our purposes here, a SUSY-breaking scenario is nothing more than a set of boundary conditions for the soft mass parameters of table 1 at some high energy scale. For concreteness, we shall illustrate our method with a SUGRAinspired scenario [45] [46] [47] in which the boundary conditions are specified at the GUT scale. Table 2 . The GUT scale assumptions behind each of the eight different SUGRA models studied in the paper. For completeness, we also list the number, d, of GUT scale input mass parameters in each case, as well as the names of those parameters.
4. Universal Higgs masses and third generation sfermions. Finally, although we are not explicitly considering the mass spectrum in the Higgs sector and the third generation sfermions, those mass parameters feed into the renormalization group equations (RGEs) through the hypercharge trace
where the index i now runs over the three generations of sfermions. Extending (1.3) over the third generation as well, the last term in (1.9) is identically zero, and our last GUT scale assumption becomes 10) which is essentially the requirement of Higgs mass unification.
In this paper, we will always assume the GUT scale unification of sfermion families in SU (5) multiples described by eq. (1.3). By either imposing or not imposing the remaining three GUT scale assumptions (1.4), (1.8) and (1.10), we obtain a total of 2 3 = 8 different model scenarios which are listed in table 2. Each case has a different number of input mass parameters at the GUT scale (those parameters are listed explicitly in the last column of the table), so the sparticle spectrum is constrained to varying degrees in each scenario.
We proceed to study the allowed hierarchies in each model, using the shorthand notation from table 1 to label each hierarchy, ordering the particles from heaviest to lightest. For example, GQU DLW EB is a hierarchy with
In all eight models from table 2, the number d of input GUT-scale parameters (listed in the fifth column) is less than the number of measured parameters (1.2). Therefore, the GUT-scale boundary conditions will impose certain relationships among the low-energy parameters (1.2), and as a result, depending on the specific model, some hierarchies will be allowed, while others will be forbidden. The main purpose of this paper is to compile a complete catalogue of the allowed and forbidden hierarchies in each of the eight model scenarios from table 2. Our approach is completely general and can be easily applied to other SUSY-breaking mechanisms, where the soft mass parameters are given by a different set of boundary conditions at M GU T , or are generated at an initial scale different from M GU T . The method is not limited to SUSY models, and is equally applicable to non-SUSY scenarios, as long as the relevant mass parameters are evolved through a linear and homogeneous system of RGEs.
This paper is one in a long line of works addressing the major question of how to test for supersymmetry once a signal of new physics is seen [53] . After the initial determination of (some of) the SUSY mass parameters, one would like to know whether the data is consistent with supersymmetry in general, or with a specific model (e.g., one of the models in table 2). Several approaches are possible:
• Top-down approach. One can try to fit the data directly to the GUT-scale input parameters of the corresponding model [54] [55] [56] . In doing so, one is faced with the usual challenges of global minimization problems. In particular, one has to be careful to exhaustively cover all corners of parameter space, in order to be sure that a bad fit really excludes the model.
• Bottom-up approach. Alternatively, one can use the measured SUSY parameters at the electroweak scale as boundary conditions and run the RGEs in reverse back to the GUT scale [57, 58] . This method provides a clear and intuitive picture of unification. However, since the RGE's are coupled, one needs a sufficiently large number of measurements in order to completely specify the initial conditions at low energies. Therefore, at the initial stages of the discovery, when only a fraction of the SUSY mass spectrum has been measured, this method generally does not apply.
• SUSY mass sum rules. The fact that the number of GUT scale inputs is less than the number of sparticle masses is reflected in the existence of certain model-dependent relations ("sum rules" for short) among the low energy parameters [59] . This idea has been richly explored in many different model scenarios [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] , and has some relevance to our approach as well. For example, as illustrated below, we often find that the reason why certain mass hierarchies are not allowed is simply the fact that they violate one or more of the respective SUSY mass sum rules. However, our analysis will extend one step further and identify hierarchies which are consistent with the sum rules, but disallowed for other reasons -e.g., because they would require unphysical values for the GUT-scale boundary conditions or because they lead to tachyons in the spectrum.
The main advantages of our approach compared to these earlier studies are the following:
1. We often do not require knowledge of the complete mass spectrum in order to decide that a given model is ruled out. In the extreme cases, the knowledge of just two to four mass parameters can be already sufficient to discredit a given model hypothesis, regardless of the values of the remaining mass parameters (which may even be unmeasured).
2. We do not require any RGE analysis post-discovery, since all the required analytical work has already been performed ahead of time.
3. Our results are robust and reliable in the sense that they are obtained analytically and do not rely on any scanning of parameter spaces or on numerical fitting.
The paper is organized as follows. In section 2 we introduce our notations and describe the usual numerical procedure which relates GUT-scale to weak-scale parameters. The next sections describe various ways of determining if and understanding why a hierarchy is allowed or forbidden. In section 3 we explore a linear algebraic way to identify allowed and forbidden hierarchies. In section 4 we present our results on the allowed sets of mass hierarchies within each theory model scenario from table 2. Then in section 5 we demonstrate how the enumeration of forbidden hierarchies is enormously simplified by the consideration of forbidden sub-hierarchies. In sections 4.1 and 5.1 we examine the use of mass sum rules to understand intuitively the sets of allowed and forbidden hierarchies, employing the CMSSM as a concrete example. Section 6 is reserved for our conclusions. In appendix A we summarize our results on the sets of forbidden hierarchies. The Python code which contains all the hierarchy information and which accompanies this paper is described in appendix B.
Notations and setup
The connection between the phenomenological parameters (1.2) measured at the electroweak scale M EW and the corresponding input parameters (specified at the GUT scale M GU T ) is provided by the MSSM RGEs, which allow exact analytical solutions at one loop. The starting point of our analysis is therefore the map [77] 
where W is a vector of weak scale mass-squared parameters and G (m) is the corresponding vector of independent GUT scale mass-squared parameters for case m (see the last column in table 2 ). Note that the length of the vector G (m) and the meaning of its components both depend on the specific SUSY scenario: 
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where as usual we have rescaled the hypercharge trace parameter as S = 1 66
In what follows, the three α i ≡ 5) where the dimensionless coefficients a i and c i are defined as
Specifically, in our numerical analysis below we shall use the values a 1 = 0.170, a 2 = 0.676 and a 3 = 8.29. Analyses performed after a SUSY discovery could use updated values and scan over the then current experimental uncertainties on these parameters. As another illustration, let us also discuss a simpler case -model m = 3 has three input GUT scale parameters: M 0 ,S and M 1/2 . A non-zero value forS at the GUT scale can be generated by non-universal Higgs masses, thus in what follows we shall label this model as NUHM [78, 79] . The GUT scale parameter vector G (3) can be taken to be
and the corresponding 8 × 3 matrix R (3) will be
Finally, let us also mention the case of CMSSM, in which there are only two GUT scale parameters: 10) and the corresponding 8 × 2 matrix R (1) is given by
3 Linear algebraic approach
Theory
We now develop a criterion to decide whether, within a given model m from table 2, a specific n-particle hierarchy is possible or not. Note that in general we consider values for n in the range 2 ≤ n ≤ 8, (3.1)
i.e., we study not only full hierarchies of all 8 particles in eq. (1.2), but also arbitrary subsets of less than 8 particles (n < 8). As an extreme example, which we shall use in this section to illustrate the formal math, consider the 2-particle hierarchy (n = 2) W Q in the CMSSM model (m = 1).
Recall that the weak-scale masses-squared were arranged in the vector W introduced in (2.1). Thus we can specify a given (sub-)hierarchy of interest by either a string of n letters taken from the second row of table 1, or by a sequence of n integers (i 1 , i 2 , . . . , i n ) denoting the corresponding components of the vector W and taken from the third row of table 1. For example, the hierarchy M W > M Q can be represented by the letter string W Q as explained in the introduction, or by the integer pair (i 1 , i 2 ) = (7, 1) representing the respective components of the vector W , namely (W 7 , W 1 ). Thus in general an n-particle hierarchy (i 1 , i 2 , . . . , i n ) is represented by an n-component vector
When we are dealing with a sub-hierarchy (n < 8), this vector has fewer than 8 components, and we find it convenient to always promote it back to an 8-component vector by adding the remaining W components
In other words, the first n components of H are the weak scale masses-squared in the n-particle hierarchy of interest (in decreasing order of mass), while the remaining 8 − n components are the remaining weak scale mass parameters, taken in arbitrary order. Operationally, we can build the vector H by multiplying W by the 8 × 8 square matrix
For our example of the 2-particle hierarchy W Q = (W 7 , W 1 ), we have i 1 = 7 and i 2 = 1. Then for concreteness we can take j 1 = 2, j 2 = 3, j 3 = 4, j 4 = 5, j 5 = 6 and j 6 = 8, so that eq. (3.5) reads 
Viable mass spectra exhibiting the required hierarchy are those for which the first n components of the vector H are all positive and in decreasing order, while the remaining 8− n components are just positive (and in any order). Since we are interested in a hierarchical ranking of the first n components, it is convenient to define another vector, ∆ n , in terms of the mass-squared differences:
where the 8 × 8 square matrix D n is defined by
For the W Q example in the CMSSM, the corresponding matrix D 2 is 
Combining (2.1), (3.5) and (3.7), we get
A set of GUT scale parameters G (m) is able to produce a physically meaningful mass spectrum for the n-particle hierarchy under consideration 3 if and only if all eight components of ∆ 
has only positive components. For this purpose, we can use a theorem known as Gordan's Alternative, [80] which states that for every r × s matrix, A, either
Here we have used the usual mathematical notation that for a vector a, a 0 indicates that all components of a are positive, while a > 0 only implies that all components are non-negative and in addition they cannot be all zero.
We can now directly make use of Gordan's alternative by identifying the matrix A with our matrix M Note that this approach also allows us to add additional constraints on the range of the GUT scale parameters themselves. Since the GUT scale boundary conditions (the components of G (m) ) are masses squared, one could demand that they are positive as well. This is certainly true for the gaugino masses squared M 2 i , and optionally for the scalar masses squared M 2 10 and M 2 5 [81] . The traceS can, of course, have either sign. If we demand that a particular GUT scale parameter G (m) i be positive, we simply supplement the matrix M (m) n, H with a row vector e i with components ( e i ) j ≡ δ ij . Then the matrix A becomes
Gordan's Alternative tells us that either one can find acceptable 4 values of the GUT scale inputs which will lead to the required hierarchy, or we can find a non-trivial solution to the matrix equation 18) such that all components of p are non-negative. Obviously, the procedure of enlarging the matrix A as in (3.16) can be repeated for as many GUT scale parameters as necessary.
An alternative method, which may be easier to implement in practice, is to use the FindInstance[] command in Mathematica to obtain a list of all possible n-particle hierarchies in each of the eight SUSY scenarios. These lists are provided explicitly, along with methods to access this data, in the Python code described in appendix B. Let us first apply the formalism of the preceding subsection to the case of the two-particle hierarchy W Q in the CMSSM model (m = 1). The matrix D 2 was given in (3.9), the matrix U H was defined in (3.6), while R (1) was presented in (2.11). Thus from eq. (3.11) we can find the matrix M
The GUT scale parameters are given in (2.10). Requiring both to be positive, the enlarged matrix A becomes 
Obviously,
is a solution to (3.21) and therefore, by Gordan's alternative, the hierarchy is not allowed. This can also be seen by noting that the first row of the A matrix (3.20) contains only negative components, and the first equation in (3.12) reads
It is clear that the right-hand side cannot be positive, as long as both M 2 0 and M 2 1/2 are positive as well.
A forbidden hierarchy: LEU in the NUHM (m = 3)
As a more complicated example of a forbidden hierarchy, consider the LEU sub-hierarchy in the CMSSM with non-universal Higgs masses [78, 79] (which in our notation simply means thatS is no longer zero). For concreteness, we choose the remaining 5 particles to be Q, D, G, W , and B and we form the extended vector H as in eq. (3.3):
This defines the matrix 
Using (2.9), (3.8) and (3.25) we find the corresponding matrix M 
In this model scenario, we only demand that M 2 0 and M 2 1/2 be positive, whileS can have either sign. Therefore, the matrix (3.26) is extended with only two extra rows: 3.27) and the system of equations (3.18) to be studied is 
This system admits strictly positive non-trivial solutions, for example
for any positive value of p 1 . According to Gordon's alternative, the existence of the solution (3.29) implies that the hierarchy LEU is forbidden in the m = 3 model. We shall see below that LEU is indeed one of the 36 forbidden hierarchies in this model, see eq. (A.7).
An allowed hierarchy: GBL in the NUHM (m = 3)
We conclude this section with an example of an allowed hierarchy. Consider the subhierarchy GBL, which is one of the 198 allowed 3-particle hierarchies in model m = 3 (cf. table 3). As in the previous subsection, in model m = 3 the input parameters are still those given in (2.8), and the R (3) matrix is given by (2.9). For concreteness, we choose the remaining 5 particles to be Q, U , D, E, and W and form the extended vector H as in eq. (3.3): 
-17 -Then, using (2.9), (3.8), (3.31) and (3.11), we obtain the enlarged matrix (3.16)
The corresponding linear system of equations (3.
. . .
We want to show that this system has no solutions with p > 0. As all of the coefficients in eq. (3.34) are positive, there is clearly no valid solution for p, and thus the hierarchy is allowed.
4 Results: allowed n-particle (sub-)hierarchies
For each of the eight model scenarios in table 2, only certain sets of hierarchies are allowed, in the sense that there exist values for the GUT scale parameters G (m) which will give rise to the given mass ordering at the weak scale. Note that in searching for viable hierarchies, we are interested not only in obtaining the masses in the specified ordering, but in addition we require that all masses are physical, i.e., that all mass squared parameters at the weak scale (2.1) are positive. This is why the hierarchy vector H was defined in eq. (3.3) in terms of all eight components of the vector W from (2.1).
As indicated in (3.1), we shall also be interested in n-particle sub-hierarchies, i.e., sets of just a few particles with n < 8. In doing so, we are motivated by the experimental reality -during the phase of initial discovery of supersymmetry, it is very likely that only a few superpartners will be seen. Therefore, at that stage it would make no sense to ask questions involving the unseen yet superpartners. Instead, one should focus on the question, given what has been observed so far, is the data consistent with a given theory model or not? Table 3 . The number of allowed n-particle hierarchies for each of the eight models considered in table 2.
We shall therefore allow n to vary within the full range (3.1). In general, for a given n, the number of all possible hierarchies which can be formed out of the set of eight observables (1.2) is given by 8! (8−n)! and listed in the last row of table 3. The remaining rows of the table give the number of allowed n-particle hierarchies (in the sense described above), for each of the eight theoretical model scenarios from table 2. Table 2 When we consider sub-hierarchies with n < 8, the reduction in the number of allowed sub-hierarchies in table 3 is not as dramatic. This is because, when asking the question "Is this sub-hierarchy of n particles allowed or not?" we allow the remaining (unseen) 8 − n particles to have arbitrary masses. In particular, in models m = 7 and m = 8, all possible 2-particle and 3-particle hierarchies are still represented in the table, in spite of the significant reduction in terms of the number of allowed 8-particle hierarchies.
Of course, table 2 only tallies up the number of possible hierarchies in each model, but does not reveal which particular hierarchies are allowed. Given the large numbers seen in the table, giving here the complete list of all allowed hierarchies is impractical -the interested reader can easily generate the sets of allowed hierarchies from the accompanying code described in appendix B. This code can also answer queries about individual hierarchies (as well as sub-hierarchies) of interest.
Nevertheless, one may still wonder whether it is possible to somehow display the complete information about the sets of allowed hierarchies which are hiding behind table 3. In the next section 5, we shall show that there is an elegant way of encoding and presenting the same amount of information. The key idea is, instead of studying the number of allowed hierarchies (which is typically very large, as seen in table 3), to focus on the (much smaller) number of forbidden hierarchies, starting with the smallest possible values of n. Table 2 revealed that in each of the eight model scenarios considered, the number of GUT scale input parameters d (m) is less than the number (eight) of weak scale parameters under consideration. Hence the hierarchies must satisfy 8 − d (m) sum rules, which explains the reduction in the number of allowed hierarchies observed in table 3.
The set of allowed hierarchies in the CMSSM
We shall now illustrate how these sum rules help to identify allowed hierarchies using the example of the CMSSM (m = 1). In this case there are two input parameters (M 2 0 and M 2 1/2 ), so we have the following six sum rules:
In obtaining these sum rules, we first used the first two rows of R (1) in (2.11) to express the GUT scale parameters, M 2 0 and M 2 1/2 , in terms of the weak scale parameters, M 2 Q and M 2 U ,
Then, the remaining six rows of the matrix R (1) result in the sum rules (4.1-4.6). We note that the overall mass scale does not have any impact on whether a given hierarchy is allowed or not. We can therefore remove one degree of freedom; here we choose this degree of freedom to be M 2 Q . Since the CMSSM has only two input parameters (i.e., d (1) = 2), removing the overall scale as M 2 Q leaves us with only one relevant degree of freedom, which we can take to be the ratio
. The sum rules (4.1-4.6) can then be rewritten as Figure 1 . Dependence of the squared mass ratios (4.9-4.14) on the parameter
. We only show the physically viable range. 14) which are clearly linear equations in
. In general, the ratio
can take values in the interval (0, ∞). However, not all values will lead to physically viable mass spectra, as illustrated in Figure 1 . In particular, some of the weak scale masses squared can become negative and lead to tachyonic particles. As observed in in Figure 1 , the most stringent such restriction arises from the constraint M 2 E > 0. Using eq. (4.11) this translates into
In addition, we should also require positivity of the gaugino mass squared boundary condition (4.8), which in turn implies
Requiring that M 2 0 > 0 does not lead to any further restrictions, so that the physically allowed range for Figure 1, is (0.94, 1 ).
For any given value of
, the hierarchy of weak scale masses is uniquely determined.
Furthermore, whenever a pair of lines in figure 1 cross, the hierarchy changes, since the mass ordering of the corresponding particles is reversed. Therefore, we can enumerate the hierarchies by examining the values of the independent degree of freedom 
The eight points (4.18) divide the allowed
interval into 9 sub-intervals, where each sub-interval corresponds to one specific hierarchy. This confirms that the CMSSM indeed has 9 possible 8-particle hierarchies, as shown in Table 3 . Figure 1 reveals that they are (going from left to right):
5 Results: the set of forbidden n-particle (sub-)hierarchies Table 3 may seem an unedifying mélange of data. However, it turns out that if 1. one considers forbidden hierarchies rather than allowed hierarchies, and 2. inspects a forbidden n-particle hierarchy for forbidden 2, 3, ..., n − 1-particle subhierarchies contained in it, then the picture becomes much simpler. Our results in terms of forbidden hierarchies are shown in Table 4 . The number of irreducible forbidden n-particle hierarchies for each of the eight models considered in table 2.
considering the 8 × 7 = 56 possible 2-particle hierarchies. For each of these 2-particle sub-hierarchies, we check whether it is present in at least one of the allowed 8-particle hierarchies counted in the last column of table 3. 5 If the answer is "yes", then the 2-particle sub-hierarchy is in principle allowed in this model, but if the answer is "no", this 2-particle sub-hierarchy will never appear in the model, and is therefore categorized as "forbidden". The total number of forbidden 2-particle sub-hierarchies is then tallied up and listed in the n = 2 column of table 4, while the explicit lists of the forbidden 2-particle hierarchies appear in Appendix A, see eqs. (A.1), (A.3), (A.6), (A.11), and (A.13). Clearly, for any given model m, a specific 2-particle sub-hierarchy is either allowed or forbidden, so the total number N (m) 2,f orbidden of forbidden n = 2 sub-hierarchies in the model and the total number N (m) 2,allowed of allowed n = 2 sub-hierarchies in the model add up to the total number of 2-particle sub-hierarchies:
which is seen to hold for the results in the respective columns in tables 3 and 4. We also observe that as the number d (m) of GUT-scale inputs increases, the number N
2,f orbidden of forbidden 2-particle sub-hierarchies decreases. In particular, for models 6, 7, and 8, we find that all 2-particle sub-hierarchies are possible. At the same time, in the most constrained model, the CMSSM, there are 20 forbidden 2-particle hierarchies, which will be discussed in detail in Sec. 5.1.
Having thus determined the set of all forbidden 2-particle sub-hierarchies, we now move on to finding the set of all forbidden 3-particle sub-hierarchies. Clearly, a large number of 3-particle sub-hierarchies will be forbidden simply because they contain a forbidden 2-particle sub-hierarchy. Such cases are uninteresting to us, and we focus only on the search for irreducible forbidden 3-particle hierarchies, i.e., 3-particle sub-hierarchies which are composed of allowed 2-particle sub-hierarchies only. The number N (m) 3,f orbidden of such "newly 5 Equivalently, we can directly check whether the 2-particle sub-hierarchy under consideration is one of the allowed 2-particle sub-hierarchies from the n = 2 column of table 3. forbidden" 3-particle sub-hierarchies is listed in the third column of table 4. Interestingly, the results for N (m) 3,f orbidden do not follow quite the same pattern that we already observed for N (m) 2,f orbidden . In particular, our 8 models fall into one of the following three categories:
• Models in which in principle there exist forbidden 3-particle sub-hierarchies, but none of them is "newly forbidden". In other words, all forbidden 3-particle sub-hierarchies already contain a forbidden 2-particle sub-hierarchy. According to table 4, models m = 1 and m = 2 are of this type.
• Models in which there are no forbidden 3-particle sub-hierarchies to begin with. These are the models with a relatively large number of input parameters, namely models m = 7 and m = 8.
• Lastly, there are models in which we obtain non-trivial results at the level of 3-particle hierarchies. In models m = 3, m = 4, m = 5 and m = 6, there arise newly forbidden 3-particle sub-hierarchies, which cannot be explained simply with the presence of a forbidden 2-particle sub-hierarchy. The number of "newly forbidden" 3-particle subhierarchies does follow the expected pattern -generally speaking, there are more such hierarchies for the models with fewer input parameters.
Having accounted for the forbidden 2-particle sub-hierarchies and the newly forbidden 3-particle sub-hierarchies, we then proceed to investigate the number N (m) 4,f orbidden of newly forbidden 4-particle sub-hierarchies. The results are listed in the fourth column of table 4. Unlike the case of 3-particle sub-hierarchies, we find that now all models predict newly forbidden (4-particle) sub-hierarchies. In the case of models m = 7 and m = 8, this is the first time we encounter forbidden sub-hierarchies.
The process just described continues until we fill out the whole table 4. Comparing our results in table 3 for the allowed sub-hierarchies and the complementary results in table 4 for the forbidden sub-hierarchies, we see significant simplification in the latter case in terms of counting hierarchies and bookkeeping. At the same time, it is worth emphasizing that tables 3 and 4 are simply two different ways to present our results on the restrictions imposed by various models on particle mass hierarchies. Whether we use the language of allowed or forbidden hierarchies, the amount of presented information remains the same.
However, in practice there may be situations where one language is preferred over the other. For example, consider an initial discovery in which only a few supersymmetric particles have been observed. Let us focus on the simplest and most likely scenario where only two particles are detected: a lighter particle X with mass M X , and a heavier partner Y with mass M Y (M Y > M X ). Given just this single piece of information, what can one conclude about the various models from table 2? The answer is given in table 5, which lists all possible 2-particle hierarchies, and the corresponding models in which a particular hierarchy is forbidden. There are several conclusions which can be drawn from the table:
• Models m = 6, m = 7 and m = 8 are completely absent from table 5, which simply reflects the fact that in table 4 we did not find any forbidden 2-particle hierarchies for those models. This means that the discovery of just two supersymmetric particles (no matter what they are) is insufficient to rule out SUSY models with large number of parameters like models m = 6, 7, 8.
• There are 36 2-particle sub-hierarchies which are present in all models -the 28 cases above the diagonal in table 5, plus 8 more cases below the diagonal. If the data happens to be one of those 2-particle hierarchies, we will not be able to make any definitive statements about the eight theory models since they will all still be allowed.
• The 2-particle hierarchies in which the heavier particle is colored while the lighter particle is not, are not restrictive at all. This is a well-known feature of SUGRA-type scenarios, in which the RGE evolution tends to split the spectrum in such a way that the colored superpartners are heavier than their electroweak counterparts. In particular, in all eight models, the gluino can be the heavier of the two particles. Similarly, in all models, the right-handed selectron can be the lighter of the two particles.
• Among the most restrictive 2-particle hierarchies are those in which the lighter particle is colored, while the heavier particle is not. For example, observing W Q, BQ, W G or BG rules out four of the models right away. If both particles happen to be colored (or both are uncolored), then restrictive 2-particle hierarchies are those in which the lighter particle is charged under SU (2) while the heavier one is not, e.g., BW , BL, U Q, DQ.
The python code described in appendix B not only generates all allowed hierarchies described in the previous section, but it can also easily reproduce the results on forbidden hierarchies discussed in the current section. For details on how to use the code and its functionality we refer the reader to appendix B. We shall conclude this section by considering a few illustrative examples which allow analytical treatment by means of sum rules.
Identifying all forbidden hierarchies in the CMSSM
As seen in table 4, the CMSSM is characterized by 20 forbidden 2-particle sub-hierarchies and 12 newly forbidden 4-particle sub-hierarchies. These forbidden sub-hierarchies are explicitly listed in eqs. (A.1) and (A.2), respectively. Here we shall demonstrate how to re-derive those results with the help of the method of mass sum rules [59] .
Our starting point is the relation between the weak-scale and GUT-scale parameters, 
The last three equations express the gaugino masses in terms of a single parameter, M 1/2 . Noting the different proportionality coefficients, it is easy to see that the CMSSM predicts the gaugino mass hierarchy
This observation immediately rules out the three 2-particle hierarchies
Another way to arrive at this result is to note that one can eliminate the M 1/2 parameter and obtain two independent gaugino mass sum rules, e.g.
which can be equivalently written as
Note that the numerical coefficients on the left-hand side of those equations are all negative. Thus the hierarchy W G, where M W > M G , violates the first sum rule, eq. (5.7), while the hierarchy BW , where M B > M W , is in contradiction with the second sum rule, eq. (5.8). 6 Similar logic can be applied to the sfermion sector, where the dependence on the parameter M 2 0 is the same for all sfermion masses squared, and the mass splittings are 6 The impossibility of the third forbidden gaugino mass hierarchy, BG, follows from a linear combination of eqs. (5.5) and (5.6), e.g.
induced only due to the different dependence on M 2 1/2 . The CMSSM predicts the scalar masses in the order M
which rules out ten additional 2-particle hierarchies, namely {EL, ED, EU, EQ, LD, LU, LQ, DU, DQ, U Q} . (5.10)
This conclusion can also be justified with suitable sum rules, e.g. EL is ruled out by the relation can also be understood in terms of sum rules involving two sfermion masses and one gaugino mass:
14)
As indicated in table 4, in the CMSSM model the forbidden 2-particle hierarchies, eqs. (5.4), (5.10) and (5.12), completely specify the forbidden 3-particle hierarchies as well. However, there still remain twelve newly forbidden 4-particle hierarchies which do not contain any forbidden 2-particle hierarchies and need to be motivated by a different argument.
The idea is the following. Recall from Fig. 1 that in the allowed range for
there exist eight crossing points (4.17) where we switch from a hierarchy XY (to the left of the crossing point) to a hierarchy Y X (to the right of the crossing point). Now consider two such crossing points,
, where all four particles X 1 , X 2 , Y 1 and Y 2 are different. For definiteness let us also assume that
Now consider the 4-particle hierarchy
while the Y 2 X 2 bit in turn requires
In light of our original assumption (5.20), eqs. (5.21) and (5.22) place contradictory requirements on the parameter
From (4.18) we find a total of 13 pairs of crossing points for which all four particles involved are different. This gives us 13 possible candidates for newly forbidden 4-particle hierarchies:
However, the last 4-particle hierarchy, EGLW , contains a forbidden 2-particle sub-hierarchy, EL, and is therefore not newly forbidden. This leaves us with exactly 12 newly forbidden 4-particle hierarchies, which are precisely those listed in (A.2).
Examples of forbidden hierarchies in the most general case (m = 8)
In the previous subsection (5.1) we discussed the classification of forbidden hierarchies in a simple case like the CMSSM model. We shall now consider the other extreme, namely, the most general case of model m = 8, where all 6 GUT scale input parameters are a priori unconstrained. According to table 4, in the case of model m = 8, there are 32 forbidden 4-particle hierarchies, which are listed in eq. (A.18). In this subsection we shall illustrate a few specific examples. As we saw in the case of the CMSSM, a mass hierarchy may be forbidden because it violates a mass sum rule. In the case of model m = 8, there are 6 input model parameters, which enforces two mass sum rules among the 8 observable mass parameters, e.g.
The mass hierarchy GW QB
Let us first consider the forbidden 4-particle hierarchy GW QB and rewrite the sum rules (5.24) and (5.25) in terms of the positive mass differences, e.g.
If this manipulation renders one of the sum rules (or a linear combination of them) in a form where all terms have numerical coefficients of the same sign, the hierarchy will be clearly forbidden, due to the sum rule. Unfortunately, this is not the case here -the coefficients in both (5.26) and (5.27) have alternating signs, and the mass parameters can be suitably adjusted to make the left-hand sides of those equations vanish. Therefore, the sub-hierarchy GW QB is not forbidden by the sum rules alone, and we need to further investigate the GUT scale boundary conditions G 8 . For this purpose, we shall invert eq. (3.12) and solve for G 8 in terms of the weak-scale mass parameters. Because of the two sum rules (5.24) and (5.25), only 6 of the weak-scale mass-squared parameters are linearly independent, and one possible choice would be to supplement the masses of the 4 particles entering the hierarchy GW QB under consideration, with the two slepton masses squared M 2 L and M 2 E . Then the relevant d (8) = 6 equations from the system (3.12) are 
Inverting this equation, we find 
where we have substituted numeric values. Note, in particular, the first equation, which specifies the value of the GUT scale parameter M 2 10 as
Since all mass terms on the right-hand side have negative coefficients, the weak-scale masses squared are positive by definition, and the mass-squared differences are positive by the assumption of the hierarchy GW QB, we conclude that the GW QB hierarchy necessarily requires a tachyonic value for M 2 10 and is therefore forbidden. Recall that above we had the freedom of choosing two additional weak-scale parameters to form the vector in the left-hand side of (5.28). It is instructive to see what happens if we had chosen a different set of weak-scale mass parameters, say M 2 U and M 2 L instead. In that case eq. (5.28) is replaced with 31) and inverting, we get 
Putting together (5.32) and (5.33), we obtain 
From a linear combination of the first and last equation, we obtain:
This sum rule cannot be satisfied because the LHS must be positive while the RHS is clearly negative. The lesson is that, depending on our choice of parameters for the inversion, we may have to use the sum rules (5.26) and (5.27) in order to show that a hierarchy is forbidden.
The mass hierarchy W QGL
As another example, consider the 4-particle sub-hierarchy W QGL. The RGE solutions are 
Selecting M 2 U and M 2 E as additional parameters to invert the RGE equation, we have 
Again, we do not have a single row with negative coefficients, but forming the sum of M 2
10
and M 2 5 we find
This sum rule cannot be satisfied, since all terms in the RHS have negative coefficients. Therefore, the hierarchy W QGL is forbidden.
Conclusions and summary
The search for SUSY is the paramount experimental challenge for Run II at the LHC. Once SUSY is discovered, it may provide invaluable clues about GUT-scale physics. The measured pattern of SUSY particle masses will play an important role in this quest, as we have explained above. Our proposal is to consider the relative ordering, or the "hierarchy", of the measured sparticle masses. By analyzing the one loop SUSY RGE's, it is relatively straightforward to derive the complete set of allowed hierarchies for a given choice of GUT scale boundary conditions. In this paper we considered hierarchies involving up to eight weak scale masses (first/second generation masses for each of the five sfermion families, and three gaugino masses), and analyzed eight different GUT-scale model scenarios (table 2) . Our results are listed in appendix A and can be reproduced with the accompanying Python code described in appendix B. We also provided some intuitive arguments, based on mass sum rules and linear algebra tricks, to better understand and justify those results. The advantage of the approach presented in this paper is that it allows to draw definitive conclusions based on only partial information. In particular, we have seen that the Figure 2 . A schematic view on how hierarchies shed light on GUT-scale boundary conditions. Once a set of SUSY particle masses is observed (left), GUT-scale boundary conditions (center) incapable of producing this sparticle mass hierarchy are ruled out by querying our database. This conclusion can be independently verified by suitable mass sum rules or explicit running of the RGEs (right).
knowledge of a sub-hierarchy of a few sparticle masses, measured in the very early days of discovery, is sometimes sufficient to rule out a specific model. Consider, for example, the most general model, m = 8, which has 6 GUT-scale input parameters. In principle, one would need 6 independent measurements in order to fully reconstruct the GUT-scale physics. On the other hand, we have shown that in this model, there are as many as 32 forbidden 4-particle sub-hierarchies. Therefore, the m = 8 model can be ruled out with only 4 suitable measurements, if the data happens to point to one of the 32 forbidden hierarchies. This procedure is pictorially illustrated in figure 2 .
The analysis presented here can be extended in many directions. Obviously, one may consider more of the MSSM particles, or generalize to non-minimal models like the NMSSM. Our approach is not limited to SUGRA-type boundary conditions and can be applied in other SUSY breaking scenarios as well. Armed with the toolkit of allowed and forbidden hierarchies, we look forward to analyzing GUT scale models after a SUSY discovery at the LHC!
A Results on forbidden hierarchies
In this appendix, we provide explicit lists of "irreducibly-forbidden" or "newly-forbidden" n-particle sub-hierarchies in various GUT scale scenarios ("models") 7 . These are the forbidden n-particle hierarchies which do not contain a forbidden sub-hierarchy.
A.1 Model m = 1 (CMSSM)
The forbidden (and hence irreducibly-forbidden) 2-particle hierarchies are W U, BW, DQ, BL, ED, BU, W Q, LQ, EQ, EL, LD, DU, W D, BG, W G, BQ, LU, EU, BD, U Q.
(A.1)
The irreducibly-forbidden 4-particle hierarchies are
The are no newly forbidden n-particle hierarchies for n ≥ 5 in this model. It is astonishing that all the information about the 8! possible hierarchies in the CMSSM is encoded in the two lists (A.1) and (A.1).
A.2 Model m = 2
For model 2, the forbidden 2-particle hierarchies are The newly forbidden 4-particle hierarchies are GDLU, U GBE, DQW L, QGW E, GDLQ, GU ED, DU EL, DGW L, QGBE, U GW E, QDLU, DQEL, GQED; (A. 4) and the newly forbidden 6-particle hierarchies are
There are no other newly forbidden hierarchies.
A.3 Model m = 3 (NUHM)
For this model, the forbidden 2-particle hierarchies are and the newly forbidden 6-particle hierarchies are
There are no newly forbidden 7-particle or 8-particle hierarchies in this model.
A.4 Model m = 4
For this model, the forbidden 2-particle hierarchies are Additionally, as shown in table 4, there are 79 newly forbidden 4-particle hierarchies, 14 newly forbidden 5-particle hierarchies, and 3 newly forbidden 6-particle hierarchies. (There are no newly forbidden 7-particle or 8-particle hierarchies.) In order to save space, we do not list these hierarchies explicitly here, however they can be easily obtained from the python code described in appendix B.
A.5 Model m = 5
There is only one forbidden 2-particle hierarchy DU, (A. 13) and six newly-forbidden 3-particle hierarchies:
BGU, GW Q, W GQ, EGU, GBU, GEU.
(A.14)
Additionally, as shown in table 4, there are 121 newly forbidden 4-particle hierarchies, 168 newly forbidden 5-particle hierarchies, 149 newly forbidden 6-particle hierarchies, and 12 newly forbidden 7-particle hierarchies. (There are no newly forbidden 8-particle hierarchies.) In order to save space, we do not list these hierarchies explicitly here, however they can be easily obtained from the python code described in appendix B.
A.6 Model m = 6
In this model, all 2-particle hierarchies are allowed. The forbidden 3-particle hierarchies are:
BGU, GW Q, EGU, GBU, GEU, W GQ.
The newly-forbidden 4-particle hierarchies are Additionally, as shown in table 4, there are 216 newly forbidden 5-particle hierarchies, 288 newly forbidden 6-particle hierarchies, 98 newly forbidden 7-particle hierarchies, and 3 newly forbidden 8-particle hierarchies. In order to save space, we do not list these hierarchies explicitly here, however they can be easily obtained from the python code described in appendix B.
A.7 Model m = 7
In model 7, all 2-particle and 3-particle hierarchies are allowed. The forbidden 4-particle hierarchies are: Additionally, as shown in table 4, there are 176 newly forbidden 5-particle hierarchies, 426 newly forbidden 6-particle hierarchies, 434 newly forbidden 7-particle hierarchies, and 22 newly forbidden 8-particle hierarchies. In order to save space, we do not list these hierarchies explicitly here, however they can be easily obtained from the python code described in appendix B.
A.8 Model m = 8
In this model, all 2-particle and 3-particle hierarchies are allowed. The forbidden 4-particle hierarchies are: Additionally, as shown in table 4, there are 148 newly forbidden 5-particle hierarchies, 809 newly forbidden 6-particle hierarchies, 398 newly forbidden 7-particle hierarchies, and 54 newly forbidden 8-particle hierarchies. In order to save space, we do not list these hierarchies explicitly here, however they can be easily obtained from the python code described in appendix B.
B Python package for studying hierarchies
We have provided a Python [82] package in the supplemental material to the arXiv version of this paper. It consists of two required files, susy hierarchy methods.py, and allowed hierarchies.py and two optional files, forbidden hierarchies.py and newly forbidden hierarchies.py. These files should work with all versions of Python including and subsequent to Python 2.6. Information about which hierarchies are allowed or forbidden in various SUSY scenarios is contained in the files allowed hierarchies.py and forbidden hierarchies.py. Of course a hierarchy in a given SUSY scenario is either allowed or forbidden, so it is sufficient to have only, e.g., an enumeration of allowed hierarchies in various models. However, the generation of forbidden hierarchy information from allowed hierarchy information is relatively slow ∼ 1 minute on a modern laptop, so we do include the, in principle redundant, files forbidden hierarchies.py and newly forbidden hierarchies.py.
B.1 Data structures in Python
To explain how hierarchy data is stored in the files allowed hierarchies.py, forbidden hierarchies.py, and newly forbidden hierarchies.py, we must briefly review a few of the data structures present in Python. A list consists of elements, in a fixed order, between the square brackets '[' and '['. Elements are indexed by integers, e.g., the first element of my list is my list [0] . A dictionary is like a list, but the elements are stored between curly brackets '{' and '}' and are indexed by arbitrary items called "keys". An element of a dictionary is accessed by its key. Finally a tuple is like a list, except that tuples cannot be modified (and tuples are enclosed in parentheses).
B.2 Hierarchy Data
The file allowed hierarchies.py contains the single command The dictionary "allowed" has keys 2, 3, ..., 8; these keys represent the number of particles in a hierarchy. The elements corresponding to each of these keys are dictionaries. The keys for these dictionary are the hierarchies, which are tuples of capital letters representing the particles in the hierarchy. The entry corresponding to a hierarchy is a list (in no particular order) of the SUSY scenarios in which the hierarchy is allowed. The numbering of SUSY scenarios or "cases" is that which is used throughout this paper and defined in table 2. Note that only hierarchies which are allowed in some hierarchy have entries in "allowed". Thus print(allowed [2] [('U','Q')]) yields [3, 5, 7, 4, 6, 8] as the 2-particle hierarchy ('U', 'Q') is allowed in models 3, 4, 5, 6, 7, and 8, while print(allowed [4] [('B', 'G', 'E', 'U')]) yields the error (in interactive session):
Traceback (most recent call last): File "<stdin>", line 1, in <module> KeyError: ('B', 'G', 'E', 'U') as the 4-particle hierarchy ('B', 'G', 'E', 'U') is not allowed in any model.
The file forbidden hierarchies.py uses the exact same format, but the dictionary is called "forbidden" and contains lists of the models in which hierarchies are forbidden, rather than allowed. Likewise the file newly forbidden hierarchies.py uses a dictionary called newly_forbidden'', which tells us which hierarchies are newly forbidden (irreducible).
B.3 Methods
The Python expert can use the data in allowed hierarchies.py, forbidden hierarchies.py, and newly forbidden hierarchies.py for their own purposes. However, for those less familiar with Python or for those who would benefit from an example of methods (functions) which use the hierarchy data, we have provided another module (python file) with methods that process the data in allowed hierarchies.py, forbidden hierarchies.py, and newly forbidden hierarchies.py. These methods are
convert to standard form(s)
This method translates a string, s, to a tuple of capital letters representing the SUSY particles in a hierarchy. This is the format of the keys representing hierarchies in our data arrays.
print case(case)
This method prints a string describing the SUSY scenario ("case") labelled by the integer case, which must be between one and eight (inclusive).
get info on hierarchy(s)
This method prints information listing and describing the SUSY scenarios ("cases") in which the hierarchy s (s is a string, enclosed by single or double quotes) is allowed and in which it is forbidden. 4 . number of N hierarchies in case(data type,N,case) This method returns the number of N particle hierarchies which are either allowed or forbidden (depending on whether the value of data type is "allowed" or "forbidden") in SUSY scenario case.
list of N hierarchies in case(data type,N,case)
This method returns a list of N particle hierarchies which are either allowed or forbidden (depending on whether the value of data type is "allowed" or "forbidden") in SUSY scenario case.
print table of cases()
This method prints a table that describes the eight SUSY scenarios ("cases") that we consider.
print table of number of hierarchies(data type)
This method prints a table of all particle hierarchies which are either allowed or forbidden (depending on whether the value of data type is "allowed" or "forbidden") in all eight SUSY scenarios.
B.4 Using the code
The Python expert can use the methods and as part of their own code by importing whichever modules they need. However, the simplest way to use the methods provided is to use Python in interactive mode. To do this, one types python in a terminal. While it is discouraged in general (as it negates useful features of Python in regard to namespaces), the simplest next step is to type from susy_hierarchy_methods import * into the Python interpreter. Note that the files susy hierarchy methods.py and allowed hierarchies.py must be in the current working directory, or must be in one's PYTHONPATH. Doing this also imports "allowed" from allowed hierarchies.py automatically. If forbidden hierarchies.py is in the working directory or the PYTHONPATH, then "forbidden" will be imported from this file. If not, "forbidden" will be generated automatically, though this can be somewhat time-consuming (∼ 1 minute on a modern laptop). The situation regarding newly forbidden hierarchies.py is exactly analogous. One can then simply type the method one wishes to execute together with the appropriate arguments. Finally, we note that typing help(name_of_method)
will provide a brief description of the method in question.
